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ABSTRACT 

This paper presents abundances for 12 red giants of the old open cluster Collinder 261 based on 
spectra from VLT/UVES. Abundances were derived for Na, Mg, Si, Ca, Mn, Fe, Ni, Zr and Ba. We 
find the cluster has a solar-level metallicity of [Fe/H] = -0.03 dex. However most a and s-process 
elements were found to be enhanced. The star-to-star scatter was consistent with the expected 
measurement uncertainty for all elements. The observed rms scatter is as follows: Na = 0.07, Mg = 
0.05, Si = 0.06, Ca = 0.05, Mn = 0.03, Fe = 0.02, Ni = 0.04, Zr = 0.12, and Ba = 0.03 dex. The 
intrinsic scatter was estimated to be less than 0.05 dex. Such high levels of homogeneity indicate 
that chemical information remains preserved in this old open cluster. 

We use the chemical homogeneity we have now established in Cr 261, Hyades and the HR1614 
moving group to examine the uniqueness of the individual cluster abundance patterns, ie. chemical 
signatures. We demonstrate that the three studied clusters have unique chemical signatures, and 
discuss how other such signatures may be searched for in the future. Our findings support the prospect 
of chemically tagging disk stars to common formation sites in order to unravel the dissipative history 
of the Galactic disk. 

Subject headings: Galaxy: evolution — Galaxy: open clusters and associations: individual(Collinder 
261) — stars: abundances 



1. INTRODUCTION 

Old open clusters are rare fossils of the star formation 
history of the Galactic disk. The majority of stars 
born in open clusters will disper se into the Galax y 
background within the first Gyr (jPhelps et al.l Il994f ): 
the existence of several very old open clusters of ages 
around 10 Gyr offer a unique opportunity to study the 
early evolution of the disk. These important structures 
are not easily studied as they are rare and diffic ult to 
obser ve as most of them reside in the outer disk (jFriell 
fl995h . 

Collinder 261 is an exception as it is located within 
the inner disk at a Galactic radius of 7.5 kpc, with an 
estin i ated age range of 5 to 11 Gvr (iJanes fc Phelpsi 
[l99l iGozzoh et all [199^ iCarraro et aLl Il99af ). This 
rich cluster has been previously studied in the literature 
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with membership established by p hotometric and radial 
velocity studies ()Friel et al.l I2002D . Several high reso- 
lution s tudies have also targe ted Collinder 261. Most 
recentlv ICarretta et al.l (j2005l . hereafter C05) presented 
a high resolution abundance analysis of six giants. 
They estimated a mean metallicity of [Fe/H] = -0.03 
dex, and found Na, Mg, S i and Ba to be enhanced. 
Previouslv iFriel et al.l (|2003l hereafter F03), also using 
high resolution spectra, estimated a mean metallicity of 
-0.22 dex and also found Na, Al and Si to be enhanced. 
Both studies found the other elements to be at solar or 
sub-solar levels. 

Given the old age of the cluster, the chemical in- 
formation will provide us with the conditions of the 
protocluster gas cloud during the early stage of the disk. 
The observed a enhancement for Cr 261 is a consistent 
pattern observed in old open clusters (see Table 7 of 
F03). This is a sign of a rapid enrichment history, which 
is to be expected at the early stages of disk formation. 
Since the age of Cr 261 is comparable to the age of 
the disk, it is likely to have formed shortly after the 
disk began to form, therefore its chemical evolution 
must have been relatively quick. C05 find that Ba, 
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which is thought to be produced predominantly in AGB 
stars (although a smaller r-pro cess component may 
be p roduced from Type II SN (jPagel fc Tautvaisiend 
Il997f) ). is also enhanced in Cr 261. The number of 
studies on the heavier n-capture elements is few for old 
open clusters. Work on other n-capture elements would 
be helpful in exploring the enrichment history of these 
elements. 

C05 find the star-to-star scatter to be low (cr) ~ 
0.08 dex, which is within their estimated abundance 
uncertainties. The indication of chemical homogeneity in 
Cr 261 is important for tes ting the viability of chemical 
taggin g as proposed by iFreeman fc Bland-Hawthornl 
(|2002f ). however the difference in the estimated metal- 
licities between COS and F03 indicated the need for 
an independent abundance analysis. Further, both 
studies were based on a small sample of stars. In our 
analysis of Cr 261 we have doubled their sample size 
in order to establish a firmer level of homogeneity. If 
chemical homogeneity within the 0.05 dex level can be 
firmly established for Cr 261, this would imply that the 
chemical signature laid down at birth has been preserved 
over the time evolution of the cluster and is indeed a 
true tracer of star formation history in the disk. With 
the aim of testing these ideas we proceed with our study 
on Cr 261. 

2. OBSERVATIONS 

Because Cr 261 is relatively distant, we chose to 
observe giants in this cluster. A total of 18 giant stars 
of Cr 261 were submitted for service mode observations 
in May 2004 on the 8m VLT, making use of the UVES 
Red arm with the FLAMES fibre array which allows up 
to 6 stars to be observed simultaneously. The UVES 
Red arm standard setting provides a spectral resolution 
of 47,000 and complete spectra from 4200A to 6200A. 

The method of observing was such that for one 
telescope pointing, three different fibre combinations 
were executed, with six stars in each fibre combination. 
This is possible because the open cluster members of 
interest are located within the instrument field of view. 
Each fibre configuration was observed for a total of 5 
hours to obtain the required signal to noise. In practice 
the 5 hours were broken into several one hour observing 
blocks to facilitate the service observing queue. Our 
restrictions on the observing conditions was that the 
seeing be better than 1.2 arcsec and airmass no more 
than 1.2. 

The final data set reduced with the UVES ESO- 
MIDAS pipeline consists of high quality spectra for 12 
stars, with the 6 other stars having very little signal. 
Since the magnitudes of all stars were comparable, 
we assume that misalignment of a few fibres was 
the cause. The spectra of the 12 stars have a S/N 
between 80 - 100, sufficient for our abundance analysis. 
Table [T] presents a summary of the stars we have studied. 

3. ABUNDANCE ANALYSIS 
3.1. Model Atmospheres and Spectral Lines 



The abundance analysis makes use of the MOOG 
code (jSnedenl [l973h for LTE EW analysis and spectral 
syntheses. Initial analysis was undertaken with interpo- 
lated Kurucz model atmo spheres based on the ATLAS9 
code (jCastelli et al.lfTOQTi ) with no convective overshoot. 
Later, o ur abundances were r e-evaluated using MARCS 
models (|Asplund et al.l I1997D . primarily to check the 
accuracy of the Kurucz models for the cooler stars, 
as well as to check for consistency in our abundance 
analysis for the entire sample. 

Abundances for a range of elements covering each of 
the a, Fe-peak and n-capture groups were attempted. 
The list of lines used in this analysis is given in Table [51 
The gf values for the detected lines of Na, Mg, Al, Si, 
Ca, N i, and Zr were obtaine d frorn a combination of lines 
from lAllende Prieto et all (I2004D: lYong et all ([2.005); 
iReddv et al l (l2003f) and lPaulson et al.l (I2003D. For Mn 
the g f values were taken from iProchaska &: McWilliamI 
(l2000( l and include the effects of hyperfine splitting. 
The main sources of the Fe i line data is the laboratory 
measurements by the Oxford group (Blackwell et al., 
1979a, b, 1995 and references t herein). This was supple- 
mented by additional lines from lReddv et all ([ 20031. For 
Fe II we adopt the gf values from Bicmont et al. (1991); 
Paul son et al.l ()2003h and [AUcnde Prieto et al. (2002)! 
Ba gf values were adopted from iMcWilliamI ([1998). 
Although abundance determinations were attempted, 
most of the heavier s- and r-process element abundances 
could not be accurately derived, especially for the cooler 
stars because blending of lines was too high to allow an 
accurate abundance estimate. 



3.2. Stellar parameters 

We derive the stellar parameters based on spec- 
troscopy. Abundances for all Fe i and ii lines were 
computed from the measured EWs. Te// was derived 
by requiring excitation equilibrium. Microturbulence 
was derived from the condition that Fe i lines show 
no trend with EW. Log g was derived via ionization 
equilibrium, ie. the abundances from Fe i equals Fe ii. 
The resulting stellar parameters are given in Tabled We 
also compare our derived parameters with those derived 
in the literature for the stars we have in common. Our 
parameters are in better agreement with C05 than with 
F03. 



3.3. Elemental Abundances 

The abundances were derived by EW measurements 
or spectral synthesis depending on the strength and level 
of blending. All a, Fe-peak, and Zr abundances were 
estimated by EW measurements as their transitions lines 
were sufficiently strong and unblended to accurately 
measure EWs. Inital Ba abundances were also obtained 
via EW measurements, not taking into account any hy- 
perfine structures (HFS). Later we carried out spectral 
sy nthesis of th e Ba li nes, incorporating the HFS given 
by IMcWilliamI ([l99l assuming a solar isotopic ratio. 
By taking into account HFS, we find the Ba abundance 
drops by about 0.15 dex. This later Ba abundances are 
adopted throught this paper. 
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The abundance derivation of the heavier s- and 
r-process elements (eg. Nd, Eu) were attempted by 
spectral synthesis. Although spectral synthesis allows 
for abundance derivation from some blended lines, the 
spectral regions of these lines were far too blended with 
many other unidentified lines also present. Our synthetic 
input line list was primarily composed of spectral line 
data as provided by the VALD database. All known 
element line data within the specific wavelength region 
of our lines of interest were extracted from the VALD 
database to suit the stellar parameters. However fits to 
the observed spectra were poor, likely due to inaccurate 
and incomplete atomic line list. As a result, we were 
unable to derive accurate abundances for the heavier s- 
and r-process elements. We note that C05 also did not 
obtain abundances for elements heavier than Ba. 

Since our aim is to determine the level of homo- 
geneity within the cluster, we derive abundances with 
reference to the cluster star 2307, as it has an effective 
temperature in the middle of the range for our sample 
stars. The final differential abundances (A[X/H]), 
were derived by subtracting the absolute abundance 
of each individual line of the reference star from the 
same line of the sample stars and taking the mean 
for each element. The advantage of such relative 
abundances is that the uncertainty due to systematic 
errors (eg. errors in gf values) are much reduced. 
Our differential abundances are plotted in Figure [1] 
for Fe, and Figure [2] for elements from Na to Ba. We 
present our absolute abundances in log e form in Tabled 

The abundances for star 2311 are higher in all elements 
and deviate significantly from the other cluster member 
abundances. This star is represented by an open circle 
in Figures [1] and [2l A radial velocity analysis performed 
at a later stage shows that this star is a non-member. 
We will further discuss this in Section U) 

3.4. Error Analysis 

The main sources of errors arc the error associated 
with EW measurements, continuum placement and 
stellar parameters, as well as the number of lines used to 
calculate the final abundance. Errors in the atomic line 
data and model atmospheres are least likely to affect 
the estimated levels of chemical homogeneity as we are 
employing a differential abundance analysis relative to a 
cluster member. 

Abundance dependencies on the stellar parameters 
and EW measurements, as well as the typical values 
of the total estimated uncertainty for each element 
are given in Table [T] The error in EWs estimated by 
repeated measurements of each line, is between 2mA 
to 10mA depending on the strength of the lines. The 
typical error in the stellar parameters are around STgff 
= 50 K, 6\og g = 0.1 cms'^ and 6^ = 0.2kms-i. 

Our analysis is based on Kurucz models. However 
due to the cooler Te// for some of the sample stars, we 
tested our results using MARCS models for three stars 
(2285, 2288, 3709) which cover the full temperature 
range. For the hotter star 2285 the change in abundance 



was minimal for all elements with a mean difference of 
± 0.01 dex. For star 2288, differences of 0.07 and 0.1 for 
Si and Ni were found. For the coolest star 3709, larger 
differences of 0.15 dex for Na and Ca, and 0.35 dex for 
Zr were found. Table [5] summarizes these differences. 
These results were based on the same stellar parameters 
derived initially with Kurucz models. To enable a 
better comparison, the stellar microturbulence was then 
adjusted by 0.2 kms^^ to fit the MARCS models. This 
resulted in a better agreement with our initial results, 
with a mean difference of about ± 0.03 dex. A summary 
of the latter results are presented in Table [6l 

4. RADIAL VELOCITIES 

We calculated the radial velocities of the sample stars 
to check for any possible non-members. The RVs were 
determined by Fourier transform cross correlation of 
template spectra with observed spectra, making use of 
the I RAF pack ages RVSAO/XCSAO (jKurtz fc MinkI 
Il998t iKurtz et al. 1992). From the available spectra 
and template wavelength range, RVs were estimated 
using the blu e region frorn 4200 - 4400 A. Template 
spectra from IZwitter et al.l (|2004[ ) were obtained via 
private communication from M. Williams. Since the 
stellar parameters were already established from our 
earlier spectroscopic studies, templates matching closest 
to the sample parameters were selected for the cross 
correlation. Our errors are within 2 kms""'^. 

Table [8] shows our derived heli o centr ic RVs, as well 
as those obtained by iFriel et all (120021). Our results 
are on average higher than IFriel et al.l (|200l by 5 
kms~^; larger di fferences a re seen for the two stars 
2311 and 3029. iFriel et al.l (|2002t l find star 2311 to 
have a RV of -30 kms~^ similar to their derived cluster 
mean value. This is inconsistent with our result of 
-18 kms~^; our velocity indicates that star 2311 is 
likely to b e a no n-member of the cluster. Conversely, 
iFriei et al.l (|2002D find the star 3029 to have a RV 
of -16 kms~^, although they did not class it a non- 
member. Our results show that 3029 has a RV of -24 
kms~^ , which places it well within the cluster RV range. 

5. DISCUSSION 

5.1. Comparison with Carretta et al. (2005) 

Our results based on a larger sample of stars are 
comparable to the mean abundances found earlier by 
C05, although differences are present in the individual 
stars. Five out of six of their stars are in common with 
our study, and in Figure |3| we compare the abundances 
of these five individual stars. The largest difference 
seen for the coolest star 3709, which is at the tip of the 
red giant branch, is interesting. The adopted stellar 
parameters are very similar in both studies, and are 
therefore unlikely to be the reason for the abundance 
difference. However the choice of Kurucz vs. MARCS 
model atmospheres, as well as other differences in 
methodology may contribute to the abundance differ- 
ence. Our abundance estimates gives star 3709 similar 
abundances to the rest of the cluster, while C05 found 
this star to deviate from their sample, and it was dis- 
carded when determining their cluster mean abundances. 
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Mean cluster abundances relative to solar are pre- 
sented in column 5 of Table [TOl On average, we find 
that Na, Mg and Si are enhanced by about 0.15 dex 
relative to the Sun. Ca on the other hand was found 
to be at solar levels. The Mn and Ni abundances are 
slightly below solar, but generally follow Fe. We also 
measured Zr abundances and find the mean value to 
be below solar. However there is considerable scatter. 
These results follow the abundance patterns found by 
COS, but we find that the enrichment levels are not as 
high. On average COS find a enhancement to « 0.2S 
dex levels, while we observe enhancement to w O.IS 
dex levels. The Ba abundances we have derived are 
significantly lower than that of COS. COS find the mean 
Ba enhancement to be 0.3 dex. Our results, based on 
spectral synthesis and incorporating HFS, show the Ba 
abundance in Cr 261 is close to solar. COS did not take 
into account any HFS and this is likely to be the main 
reason for the large abundance difference. Our inital 
Ba measurements based on EW measurments and not 
taking into account the effects of HFS, resulted a mean 
Ba enhancement of « O.IS dex. Although this is still 
lower than the measurements of COS, the difference is 
comparable with the differences seen for the other a 
elements between the two studies. 

The enhanced a abundances indicate that the contri- 
bution of material from AGB and Type II SN is greater 
than that of Type la SN, where most of the Fe-peak 
elements are thought to be formed. It would also be 
interesting to check if some of the enhancements (e.g. 
for Na) in Cr 261 may be linked to internal mixing 
(e.g. from Ne-Na burning chain) in the sample giants, 
by measuring the abundances in dwarf stars. If so 
these abundances may not be representative of the 
proto-cluster cloud. It is thought that such processes 
play a larger role in globular clusters (|Gratton et al.l 
|2004|) . and have not been previously observed in open 
clusters. 

5.2. Chemical Homogeneity 

Our results indicate that Collinder 261 is chemically 
homogeneous. Disregarding Zr where the abundance 
uncertainty was large, we find the mean star-to-star 
scatter across a range of elements to be « 0.05 dex. 
The observed rms scatter aobs is summarized in Table [SI 
In all cases the observed scatter is within the expected 
uncertainty in the abundances. This implies that the low 
intrinsic scatter in this old cluster is undetectable at the 
current accuracy. COS also did not find any significant 
scatter across their sample of 5 stars, although their 
scatter increases if they included star 3709 which we 
believe to be a member. Taking into account possible 
uncertainty in our error analysis, we use the smallest 
plausible estimate of our measurement errors in order to 
derive an upper limit on the intrinsic sc atter, which is 
also prese nted in Table [SI As described in lDe Silva et al.l 
()in pressT ). we derive the confidence interval for the 
upper limit on the intrinsic scatter, taking into account 
the sampling error on the observed scatter and a 10% 
uncertainty on the adopted measurement errors. We find 
the upper limits given in Table [9] are approximately 90% 



confidence limits for the intrinsic scatter in all elements 
except Si and Zr, whose upper limits are approximately 
80% confidence limits. Given zero intrinsic scatter and 
our measurement errors, the probability of obtaining 
the observed scatter was also calculated based on a 
analysis. Figure [D shows this probability for the studied 
elements. 

The level of homogeneity seen in this cluster implies 
that the original abundances remain preserved in stars 
despite their stellar evolution, and pollution has no de- 
tectable effect for these elements. In making the above 
calculations of the intrinsic scatter, we have omitted the 
star 2311, which was found to be enriched com pared to 
the cluster mean. Ahhough iFriel et al.l |2002) find this 
star to be a cluster member, our RV analysis indicates 
that it is very likely a non- member of Cr 261. The abil- 
ity to chemically distinguish such non-members without 
the prior dynamical information, as was the case for star 
2311, is an encouraging demonstration for the prospect 
of future chemical tagging. 

6. IMPLICATIONS FOR CHEMICAL TAGGING 

6.1. Chemical Tagging 

A major goal of near-field cosmology is to tag or 
associate individual stars with elements of the proto- 
cloud. Since the Galactic disk formed dissipatively and 
evolved dynamically, much of the dynamical information 
is lost. Any dynamical probing of the disk will only 
provide insights back to the epoch of last dynamical 
scattering. However, the chemical information within 
the stars survived the disk's dissipative history. In order 
to follow the sequence of events involved in dissipation, 
the critical components which need to be re-assembled 
are the ancient individual star-forming aggregates in 
the disk. If star-forming aggregates can preserve unique 
chemical signatures within their member stars, we can 
use these signatures to tag dispersed individual stars to 
a common formation event. With sufficiently detailed 
abundances we would be able to reconstruct the stellar 
aggregates which have long since diffused into th e 
Galaxy background ([Freeman fc Bland- Hawthornll2003) . 

As discussed by iBland-Hawthorn &: FreemanI ([2004( ). 
there are some basic requirements for the feasibility 
of such large scale chemical reconstruction. For ex- 
ample, the stellar chemical abundances must reflect 
the composition of the parent cloud for certain key 
elements. Further these key elemental abundances must 
not be rigidly coupled, and have sufficient abundance 
dispersions to allow for identification of unique sites of 
formation within the large chemical inventory. Identi- 
fying these suitable key elements for chemical tagging 
are also part of the viability tests. Over the past 
decades evidence has gathered for a large dispersion 
in elemental abundances, particularly for the heavier 
n-capture elements at low metal licities. Based on 
sever a l recent Galactic suryevs (eg. lAUende Prieto et al.l 
[200l iBensbv et all [2003t iReddv et all [2003h . we can 
approximate the mean scatter to about 0.2 dex for 
all studied elements, over a metallicity range of about 
-1.0 < [Fc/H] < -1-0.3 dex. With such a range in the 
field, individual abundance measurements to O.OS dex 
level accuracies provide us with four distinguishable 



Chemical Homogeneity in Collinder 261 



5 



abundance levels. Therefore, how many decoupled 
elements will be needed to identify the unique chem- 
ical signature s of t he disk within the lar g er che mical 
inventory? iFreeman fc Bland-Ha wthornI ()2002f ) and 
iBland-Hawthorn fc FreemanI (|2004l) show the number 
of unique star-formation sites over the entire disk is 
between 10^ to 10^. Assuming only four distinguishable 
abundance levels, then the identification of 10 to 15 
decoupled elements will provide the required number 
(ie. 4-'^^) of independent cells in chemical space. 

Another basic requirement for chemical tagging is 
chemical homogeneity within present day stellar aggre- 
gates in the disk, such as open clusters and moving 
groups. IConti et"al] (|1965f ) was perhaps the first to 
attempt to quantify the level of homogeneity in open 
clusters. Although high resolution abundance studies on 
open clusters are limited, some recently published mea- 
surements of both light and heavy element abundances 
in open clusters demonstrate chemical homogeneity, 
albeit for only a few stars, and le nd support to th e 
prospect of c h emica l t agging (eg. iFord et al.l ( 2005 ). 
Schuler et all (I2003D. I Gonzalez &: WallersteinI POOO ). 



Tautvaisiene et al.l ()200ClD ). Our study on the chemical 
homogeneity in the Hyades in iDe Silva et al.' (2006', 
Paper I) and the HR1614 moving group in[De Silva et al. 
(|in press! . Paper II), as well as in Cr 261 presented here, 
show chemical homogeneity over a range of a, Fe-peak, 
and heavy elements for larger sample sets, satisfying 
the primary requirements for the chemical tagging 
technique. Such demonstrations of highly chemically 
homogeneous star clusters has opened the possibilities 
for the next set of tests for the viability of chemical 
tagging. The next task is to identify the uniqueness of 
the individual cluster abundance patterns, ie. chemical 
signatures. The results presented earlier in this paper, 
as well as in Paper I and Paper II, can be adapted 
to obtain a preliminary understanding of the unique 
chemical signatures, and how such signatures may be 
searched for in the future. 



6.2. Chemical Signatures 

A summary of our results for the three clusters are 
presented in Table [TOl The abundances are presented 
relative to solar. Wc have adopted the solar photospheric 
values fron i [Grevesse fc Sauvall (1 19981) for all elements 
excep t Fe (iSneden et all I1992D. Nd (jPen Hartog et all 



excep t . ■ :. ■ -, 

120031 ) and Eu (|Lawler et al.ll2001h . We present Table [10] 
graphically in Figure [5l and in Figure [6] we replot the 
abundances relative to Fe. The different colored shapes 
represent the different clusters. Each data point repre- 
sents the cluster mean value and the error bars indicate 
the observed scatter. For the Hyades, t he abundances 
of Fe and a elements were adopted from iPaulson et al.l 
(|2003f ). while the heavier element abundances are from 
Paper I. Note that the non-members or other peculiar 
stars found in the earlier studies have not been included 
in determining the mean abundance values for any of 
the clusters. 

Figure [S] shows that the three clusters clearly have 
their own chemical abundance pattern, with little 
overlap. The Hyades abundances follow a slightly super- 



solar abundance pattern for most elements, however 
Mg is underabundant and Ba is greatly enhanced. 
The HR1614 group abundances follow a super-solar 
abundance level of about 0.25 dex for most elements, 
Zr, Ce, and Nd are only enhanced by about 0.15 dex, 
and Ba is again highly enhanced. The r-process element 
Eu is also enhanced by 0.21 dex. Collinder 261 follows a 
different pattern with Na, Mg and Si enhanced to about 
0.15 dex level, Ca, Fe and Ba abundances at solar-levels, 
and Mn, Ni and Zr abundances are slightly below solar 
at -0.04 dex. In summary, the abundance signatures 
observed for our sample clusters are all different. 

The large separations seen in Figure [5] due to the dif- 
ference in mean metallicity can be removed by plotting 
the abundances relative to Fe (Figure O. The trends in 
[X/Fe] highlights the other signatures of these clusters 
besides the principal Fe component. The a elements 
seem to be the next dominant component, followed by 
Ba, and the Fe-peak elements. More elements would 
provide a better understanding of the subsequent com- 
ponents. For a larger sample of clusters we expect that a 
Principle Component Analysis (PCA) would allow us to 
identify the major elements or element groups required 
to uniquely identify a cluster signature. 

6.3. Comparison to disk abundances 

It is of interest to compare our cluster abundance 
signatures with the abundance trends of field stars 
in the Galactic disk. Cepheids are excellent stellar 
objects to study the recent state of the young disk at 
different Galactocentric radii. To examine any possible 
differences within the solar neighborhood, we plot our 
clu s ter abundanc es and the abundances of cepheids by 
Andr ievskv et all (pC)02) against Galactocentric radius 
in Figures [7] to [9l The Hyades and Collinder 261 reside 
close to the Sun, within 1 kpc. Adopting a site for the 
HR1614 moving group is difficult since the member stars 
are dispersed throughout the Galaxy; since our studied 
stars are located near the Sun, we have adopted the 
solar radius. 

In Figure [71 we see that Cr 261 lies within the range 
of cepheid metallicities. Since Cr 261 is an old open 
cluster of age ^ 8 Gyr, the agreement with the cepheid 
metallicities indicate that the chemical evolution in this 
region of the disk proceeded quickly and then remained 
relatively quiet. The Hyades is close to the upper limit 
of the cepheid metallicity. A clear deviation is seen for 
the HR1614 moving group compared to the cepheid 
abundances at the solar radius. This may be due to 
the birth site of the group in the inner disk, where a 
few cepheids are also observed to have high metallicities 
at Rgc ~ 6.5 kpc. For the other elements, most are 
in good agreement with the cepheids. The enhanced 
Na and depleted Mg in the cepheids may conceivably 
be due to the internal Ne-Na and Mg-Al cycles. Sig- 
nificant deviations are also seen for Si, where Cr 261 
is overabundant and the Hyades is underabundant in 
comparison to the cepheids. These deviations may be 
local inhomogeneities that distinguish the individual 
clusters. Finding such deviations is of great interest for 
chemical tagging as it highlights again the uniqueness of 



6 



De Silva et al. 



the signatures. 

To check for any further deviations of our cluster 
signatures, we next compare our results with the 
abundance patterns of disk stars. Figure [10] shows 
our cluster abundance s overplotted with the results 
by iReddv et all (l2003l). lEdvardsson et all (|1993D . and 
lAllende Prieto et all (|20o¥ for the common elements in 
nearby disk stars. The sample of lAllende Prieto et all 
(|200l includes all stars more luminous than My =6.5 
ma g within 14. 5 pc fr om th e Sun, while the s amples 
of iReddv et all (|2003l ) and lEdvardsson et all (|1993l ) 
contains F and G dwarf stars chosen to be evenly 
distributed over a metallicity ran ge of about - 1.0 < 
[Me/H] < +0.3 dex. The sample of iReddv et all (|2003f ) 
contains a lmost exclusively t hin d isk stars, while the 
sample of lEdvardsson et all (|l993f ) contains both thin 
and thick disk stars. 

In Figure [10] we are now focusing on the local stellar 
populations, mostly within 1 kpc of the Sun. In com- 
parison to the field stars, one notices that some element 
abundances of the open clusters do not match the abun- 
dance range of the field. Mg and Si is underabundant 
in the Hyades in comparison to the field, while Ca is 
similar and Ba is greatly enhanced. CoUinder 261 lies 
within the field abundances, although the abundances 
of Mg and Si are close to the upper limit. The HR1614 
moving group is among the most metal-rich stars in the 
field. Its abundances are mostly within the field, except 
for Ba which is enhanced. However not many field stars 
are studied at such high metallicities. These deviations 
from the field are an indication of the uniqueness of the 
individual cluster signatures and is likely related to the 
different chemical enrichment history experienced by 
the clusters compared to the solar neighborhood. 

Overall we see that the chemical signature of the 
clusters do not necessarily match the nearby young and 
old disk stars, particularly for Na, Mg, Si and Ba which 
arc the most deviant elements. In general it seems the 
light a and heavy s-process elements are deviant, while 
the heavier a (Ca) and light s-process (Zr) elements 
follow the field star profiles. It may be that localized 
inhomogeneities at the time and site of formation of 
the clusters are linked to the synthesis processes of 
these elements, which would give rise to the observed 
variations. In the following section we will discuss the 
known formation processes of the individual elements. 



6.4. Other open clusters 

Finally, we compare our results with abundances 
of other open clusters in the literature, treating each 
element individually. The number of clusters which 
have been subject to high resolution abundance analysis 
is small. Even smaller is the number of clusters with 
abundances derived for a range of elements (from 
light to n-capture elements). We combine our results 
with literature abundances for the open clusters B e 
20, B e 29, Be 31, and NGC 2141 (jYong et all 120051 ). 
Mil (iGonzalez fc W allerstein 2000"). Tombaugh 2 and 
Mel lote 71 (iBrown et al... 1996,1 NGC 2243 and Mellote 
66 (|Gratton fc Contarinil Il99l . NGC 7789 and M67 



(|Tautvaisiene et all 120051 : iTautvaisiene et all l2000l . 
respectively), and NGC 6819 ([Bragagha et al.ll200l[ l 



When comparing abundances from various sources, 
one must note the possible systematic effects arising as 
a result of different methodologies, such as differences 
in the adopted solar values, the gf values of the atomic 
lines, etc. Where an inverted solar analysis was per- 
formed the abundances were taken as published, but 
for studies where different solar values were adopted 
we have recalculated the abundances relative to our 
adopted solar values to enable a better comparison. 
Figures [11] to [15] show the resulting plots. Various 
colors represent different authors and symbols denote 
the different clusters. All cluster mean abundances 
are plotted. The clusters cover a large range in age, 
metallicity and Galactocentric radii. We can use these 
plots to examine the decoupled nature of the elements 
or element groups, and identify the dimensionality of 
the chemical space within the studied elements. Some 
elements are tightly locked to Fe, some show trends and 
significant scatter. 

Of the a elements, Mg shows the largest scatter as well 
as a decreasing trend with metallicity, while Si and Ca 
follow Fe with some scatter. This may be an indication 
of substructure within the a element abundances. These 
elements are currently believed to be formed during 
Type II SN and not modified internally in the lower mass 
stars. However for massive stars if internal mixing is 
effective, the Mg-Al cycle can alter the Mg abundances. 
An anti-correlation with Al abundances would be a 
sign of such processes. Otherwise, enhanced Mg and 
other a element abundances relative to Fe are likely 
representative of a high star formation rate, where Type 
II SN dominate over the Type la SN. As to why only Mg 
shows a larger scatter than other a elements remains 
a question; it is likely due to a different synthesis 
process that has not been fully understood. Note that 
Si and Ca are the two pure a elements formed only 
via the alpha-capture process; other processes are in- 
volved in the evolution of Mg (as well as Ti) abundances. 

Ni and Mn belong to the so-called Fe-peak elements. 
They are thought to be the products of Type la SN. 
In theory these elemental abundances should be tightly 
coupled to Fe. While Ni is tightly correlated to Fe 
in Figure 1131 Mn shows a clear increasing trend with 
metallicity. This difference is interesting as it demon- 
strates the decoupled nature of abundances within the 
Fe-peak elements. It may be that there are other sources 
for Mn synthesis besides Type la SN which causes the 
decouple d nature from other Fe -peak elements. For 
example, iMcWilliam et all (|2003[ ) suggest that Type II 
SN is also a contributor of Mn, and that both Type la 
and Type II SN yields a re metallicity dependent (see 
also iShetrone et all '2003"). Such an explanation better 
fit the current observations. 

In the open cluster abundances, much scatter is seen 
in Na, Zr, Ba and Eu abundances. Na is thought to be 
synthesized in giant stars via the Ne-Na chain and may 
result in self enrichment if convection is strong in the 
studied stars. However in stars where internal mixing 
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is not significant we cannot expect such enrichment to 
take place. Na is more likely to enter the ISM via Type 
II SN or in the ejecta of AGB stars. In that case, the 
enhancement in Na relative to Fe is consistent with a 
rapid star formation rate. 

Zr and Ba are s-process elements which are synthesized 
under a low neutron flux environment such as in AGB 
stars, and are then expelled via stellar ejecta. Zr is a 
light s-process element, while Ba is a heavy s-process 
element, where the abundances of the heavy s-process 
is consistently greater than the light s-process, demon- 
strating the decoupled nature of the two groups. The 
scatter in their abundances is also seen in the field stars 
(see Figure [TO)) . Whether this reflects a true scatter is 
uncertain. Inconsistent measure ment of a.bunda nces (eg. 
not including possible NLTE (|Asplundl 120051 ) and/or 
HFS effects) may also give rise to the presently observed 
scatter. If the scatter is real, then this implies several 
sources for element synthesis. For example, Ba may be 
synthesized by the r-proc ess via Type II SN in the ol der 
stars at low metallicities (jPagel fc Taut vaisiend [19971) . 

Finally, Eu is thought to be produced by the r-process 
during Type II SN, in a high neutron flux environment. 
The general slope seen in Figure [15] is consistent with 
enrichment by Type II SN, however exceptions are 
Mel66, NGC 2343 and Tom2. Unfortunately, no other 
r-process elements have been studied to confirm the 
lower abundances for these clusters. As for the a 
elements, enhanced Eu to Fe ratios is an indication of a 
period of rapid chemical evolution. 

In summary, we see that several decoupled elements 
show abvmdance dispersions which play a significant 
role in definin g a la rge che mical abun dance space, 
which iFreeman fc Bland-Hawthornl (j2002l ) refer to as 
C-space. A PGA analysis is likely to reveal more 
specific details about the dominant components of the 
C-space, once larger samples of clusters covering a large 
range of elements become available. This preliminary 
examination shows that at least the a, Fe-peak, light 
and heavy s-process, and r-process elements, with 
particular attention to Na, Mg, Si, Mn, Zr, Ba and Eu 
abundances in low mass stars, provide a starting point 
for detecting chemical substructures. Following our 
present discussion, if we consider the abundance trends 
of Mg from the other a element abundances, as well 
as Mn abundances from the other Fe-peak abundance 
patterns, we have at present a total of 8 decoupled 
groups already apparent in our study which was limited 
to 12 elements. It is conceivable that by exploring more 
elements, the required number of decoupled elements or 
element groups can be established, making the technique 
of chemical tagging more viable. 

As discussed by Freeman & Bland-Hawthorn' (200^ 
and Bland-Hawthorn fc Freeman (2004), for large scale 
chemical tagging, accurate chemical and dynamical data 
will be required. Several major current and planned 
Galactic surveys, as well as the availability of multi-fibre 
spectrographs on future ELTs will provide the required 
data. The tests we have performed are a vital starting 
point for exploiting the detection of disk substructure 



from the future data. Once the technique is well tested 
and proven, chemical tagging will pave the way to ob- 
tain a detailed physical picture of events that led to the 
formation of the Galactic disk. 

We thank Eileen Friel for kindly providing the co- 
ordinates of the Gr 261 stellar sample, Mary Williams 
for her assistance with determining radial velocities, and 
the anonymous referee for his useful suggestions. This re- 
search has made use of the Vienna Atomic Line Database 
(VALD), operated at Vienna, Austria, and the IRAF 
package distributed by the National Optical Astronomy 
Observatory, which is operated by the Association of Uni- 
versities for Research in Astronomy, Inc., under cooper- 
ative agreement with the National Science Foundation. 
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Fig. 1. — Differential Fe abundances vs. effective temperature for Cr 261. The open circle is the non-member star 2311 as discussed in 
the text. The dashed line is the cluster mean value. Typical error bars are shown on the bottom left corner. 
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Fig. 2. — Differential [X/H] vs. eflfective temperature for various elements. The open circle represents the star 2311. The dashed line is 
the cluster mean value. Typical error bars are shown at the bottom left corner. 



Chemical Homogeneity in CoUinder 261 



11 



0.8 
0.4 


-0.4 
-0.8 
0.8 
0.4 


-0.4 
-0.8 
0.8 
0.4 


-0.4 
-0.8 
0.8 
0.4 


-0.4 
-0.8 



Ca 







Ba 



Si :: 



Ni 



Fe 



Na 



Mn 



4000 4200 4400 4600 
T 



4000 4200 4400 4600 
T 

'eff 



Fig. 3. — A comparison of our results with C05 for the common stars. 
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Fig. 4. — The probability of finding a scatter as large as observed given the measuring errors and zero intrinsic scatter for the studied 
elements. Fe (N = 26) and Ba (N = 56) are the elements most consistent with zero intrinsic scatter. 
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Fig. 5. — Abundance patterns of the three studied clusters. The Hyades is shown in red circles, CoUinder 261 is in green squares, and 
the HR1614 moving group is in blue triangles. The three cluster have their own abundance patterns. 
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Fig. 6. — Abundances relative to Fe for the three studied clusters. The symbols are same as those in Figure [5] The three clusters still 
show unique signatures, demonstrating that abundance patterns are not always locked to Fe. Note Fe is not plotted. 
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Fig. 10. — Cluster abundances compared to the fiel d surveys. The open circles represent IReddv et al.l 1 12003 ) values, crosses represent 
lEd vardsson ct al. ( 1993) va lues, and triangles r epresent lAUende Prieto et al.l II2004I) values. The cluster symbols are same as those in Figure 
\5\ The error bars are from lReddv et aLl II2003I ) . 
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Fig. 11. — Na and Mg abundances for open clusters. 
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Fig. 12. — Si and Ca abundances for open clusters. 



Chemical Homogeneity in CoUinder 261 



21 



0.5 - 



0.5 - 



"T 1 r 



HR1614 * Mel66 • Be20 ■ M67 

Hyades ■ NGC2243 * Be29 • NGC7789 

Cr261 * Mel71 • Be31 * NGC6819 

■ Tom2 ■ NGC2141 • Mil 



_l I I L_ 



-0.5 



[Fe/H] 



0.5 



* HR1614 

• Hyades 
■ Cr261 



Mel66 
NGC2243 
Mel71 
Tom2 



Be20 
Be29 
Be31 
NGC2141 



M67 

NGC7789 
NGC6619 
Mil 



_l I I L_ 



_] I I L_ 



-0.5 



[Fe/H] 



0.5 



Fig. 13. — Mn and Ni abundances for open clusters. 
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Fig. 14. — The s-process element abundances for open clusters. 
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Fig. 15. — Eu (r-process) abundances for open clusters. 
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TABLE 1 
CoLLiNDER 261 Stellar Sample 



ID (G96) 


ID (PJM) 


RA 


DEC 


V 


V-I 


2268 


2001 


12 37 38.681 


-68 20 25.87 


13.99 


1.37 


2277 


1801 


12 37 45.396 


-68 24 1.02 


13.61 


1.36 


2285 


1526 


12 37 54.105 


-68 21 48.48 


14.27 


1.42 


2288 


1481 


12 37 55.375 


-68 22 35.76 


13.95 


1.51 


2289 


1485 


12 37 55.557 


-68 20 14.36 


13.74 


1.60 


2291 


1472 


12 37 55.504 


-68 24 49.52 


13.51 


1.32 


2306 


1080 


12 38 7.420 


-68 22 30.82 


13.95 


1.48 


2307 


1045 


12 38 8.499 


-68 21 15.01 


13.58 


1.53 


2311 


906 


12 38 12.512 


-68 20 31.45 


14.21 


1.44 


3027 


27 


12 38 40.824 


-68 23 39.13 


13.89 


1.66 


3029 


29 


12 38 40.772 


-68 23 55.46 


14.31 


1.49 


3709 


1871 


12 37 43.608 


-68 19 55.06 


12.43 


1.84 



Photometry from lPhelps et all (|1994 PJM) and lGozzoli et all ()1996l G96) 



TABLE 2 
Line list 



Wavelength(A) 


Species 


LEP(cV) 


log gf 


Wavelength(A) 


Species 


LEP(eV) 


log gf 


Wavelength(A) 


Species 


LEP(eV) 


log gf 


5688.19 


Na I 


2.11 


-0.420 


4489.74 


Fe I 


0.12 


-3.966 


6082.72 


Fe I 


2.22 


-3.650 


6154.23 


Na I 


2.10 


-1.530 


4494.57 


Fe I 


2.20 


-1.136 


6093.64 


Fe I 


4.61 


-1.510 


6160.75 


Na I 


2.10 


-1.230 


4523.40 


Fe I 


3.65 


-1.990 


6094.37 


Fe I 


4.65 


-1.650 


4571.09 


Mg I 


0.00 


-5.393 


4531.15 


Fe I 


1.48 


-2.155 


6096.66 


Fe I 


3.98 


-1.880 


4702.99 


Mg I 


4.33 


-0.380 


4531.58 


Fe I 


3.93 


-2.059 


6105.13 


Fe I 


4.55 


-1.990 


5711.09 


Mg I 


4.35 


-1.833 


4547.85 


Fe I 


3.54 


-1.012 


6120.24 


Fe I 


0.91 


-5.970 


5665.56 


Si I 


4.92 


-1.940 


4556.93 


Fe I 


3.25 


-2.710 


6151.62 


Fe I 


2.17 


-3.299 


5684.49 


Si I 


4.95 


-1.550 


4561.43 


Fe I 


2.76 


-3.080 


6157.73 


Fe I 


4.08 


-1.320 


5690.43 


Si I 


4.93 


-1.770 


4593.52 


Fe I 


3.94 


-2.060 


6159.38 


Fe I 


4.61 


-1.970 


5948.54 


Si I 


5.08 


-1.230 


4602.01 


Fe I 


1.61 


-3.154 


6173.34 


Fe I 


2.22 


-2.880 


6142.48 


Si I 


5.62 


-1.540 


5379.57 


Fe I 


3.68 


-1.730 


6180.20 


Fe I 


2.73 


-2.637 


6145.01 


Si I 


5.62 


-1.362 


5417.03 


Fe I 


4.41 


-1.550 


6200.31 


Fe I 


2.61 


-2.437 


6155.13 


Si I 


5.62 


-0.786 


5466.99 


Fe I 


3.57 


-2.440 


4491.41 


Fe II 


2.86 


-2.684 


4455.88 


Ca I 


1.89 


-0.526 


5618.63 


Fe I 


4.21 


-1.292 


4508.28 


Fe II 


2.86 


-2.312 


4578.55 


Ca I 


2.25 


-0.558 


5633.95 


Fe I 


4.99 


-0.270 


4541.52 


Fe II 


2.84 


-2.990 


5867.57 


Ca I 


2.93 


-1.570 


5662.52 


Fc I 


4.16 


-0.520 


4576.33 


Fe II 


2.84 


-2.822 


6169.04 


Ca I 


2.52 


-0.797 


5701.55 


Fe I 


2.56 


-2.216 


4582.83 


Fe II 


2.84 


-3.094 


6169.56 


Ca I 


2.53 


-0.478 


5705.47 


Fe I 


4.30 


-1.420 


4620.52 


Fe II 


2.83 


-3.079 


6013.53 


Mn I 


3.07 


-0.251 


5741.85 


Fe I 


4.25 


-1.689 


4656.98 


Fe II 


2.89 


-3.552 


6016.67 


Mn I 


3.08 


-0.100 


5775.08 


Fe I 


4.22 


-1.310 


4670.17 


Fe II 


2.58 


-3.904 


6021.80 


Mn I 


3.08 


0.034 


5778.45 


Fe I 


2.59 


-3.480 


5414.08 


Fe II 


3.22 


-3.680 


4216.19 


Fe I 


0.00 


-3.356 


5811.92 


Fe I 


4.14 


-2.430 


5991.38 


Fe II 


3.15 


-3.557 


4222.22 


Fe I 


2.45 


-0.967 


5837.70 


Fe I 


4.29 


-2.340 


6084.11 


Fe II 


3.20 


-3.808 


4232.72 


Fe I 


0.11 


-4.928 


5853.16 


Fe I 


1.49 


-5.280 


6149.26 


Fe II 


3.89 


-2.724 


4233.61 


Fe I 


2.48 


-0.604 


5855.09 


Fe I 


4.60 


-1.547 


5846.99 


Ni I 


1.68 


-3.210 


4237.09 


Fe I 


0.95 


-4.379 


5856.10 


Fe I 


4.29 


-1.640 


6086.28 


Ni I 


4.26 


-0.515 


4347.24 


Fe I 


0.00 


-5.503 


5858.79 


Fe I 


4.22 


-2.260 


6175.37 


Ni I 


4.09 


-0.535 


4375.93 


Fe I 


0.00 


-3.031 


5927.80 


Fe I 


4.65 


-1.090 


6177.24 


Ni I 


1.83 


-3.510 


4389.24 


Fe I 


0.05 


-4.583 


5956.69 


Fe I 


0.86 


-4.608 


6127.44 


Zr I 


0.15 


-1.060 


4439.88 


Fe I 


2.28 


-3.002 


6015.24 


Fe I 


2.22 


-4.760 


6134.55 


Zr I 


0.00 


-1.280 


4442.34 


Fe I 


2.19 


-1.255 


6024.06 


Fe I 


4.54 


0.610 


6143.20 


Zr I 


0.07 


-1.100 


4445.48 


Fe I 


0.08 


-5.441 


6034.03 


Fe I 


4.31 


-2.470 


5853.69 


Ba II 


0.60 


-1.010 


4447.72 


Fe I 


2.22 


-1.342 


6042.22 


Fe I 


4.65 


-0.890 


6141.73 


Ba II 


0.70 


-0.070 


4427.31 


Fe I 


0.05 


-3.044 


6054.08 


Fe I 


4.37 


-2.310 










4461.65 


Fe I 


0.08 


-5.441 


6056.00 


Fc I 


4.73 


-0.650 
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TABLE 3 
Stellar Parameters 



ID 




Log g 


5 


T^ff (C05) 


Log g (C05) 


$(C05) 


Te// (F03) 


Log g (F03) 


?(F03) 


2268 


4550 


2.0 


1.52 


4580 


1.83 


1.26 








2277 


4600 


2.0 


1.4 














2285 


4600 


2.0 


0.9 














2288 


4400 


2.1 


1.2 














2289 


4300 


1.8 


1.4 


4340 


1.76 


1.27 








2291 


4650 


2.3 


1.8 














2306 


4500 


2.1 


1.5 


4500 


2.09 


1.23 


4900 


2.2 


1.2 


2307 


4450 


1.8 


1.1 


4470 


2.07 


1.23 


4400 


1.5 


1.2 


2311 


4600 


2.0 


0.9 














3027 


4500 


2.0 


1.2 














3029 


4500 


1.9 


1.4 














3709 


3950 


0.5 


1.4 


3980 


0.43 


1.44 


4000 


0.7 


1.5 



TABLE 4 
Absolute Abundances (log e) 



ID Na 


Mg 


Si Ca 


Mn 


Fe 


Ni Zr 


Ba (with HFS) 


Ba (without HFS) 




2268 6.61 


7.65 


7.79 6.44 


5.40 


7.52 


6.17 2.63 


2.15 




2.36 




2277 6.49 


7.78 


7.78 6.28 


5.39 


7.51 


6.15 2.66 


2.17 




2.27 




2285 6.44 


7.71 


7.68 6.34 


5.32 


7.52 


6.24 2.66 


2.14 




2.34 




2288 6.36 


7.80 


7.68 6.39 


5.35 


7.49 


6.26 2.41 


2.13 




2.34 




2289 6.42 


7.69 


7.76 6.37 


5.39 


7.50 


6.27 2.57 


2.17 




2.29 




2291 6.45 


7.67 


7.66 6.29 


5.39 


7.51 


6.19 2.70 


2.13 




2.25 




2306 6.32 


7.71 


7.75 6.37 


5.34 


7.54 


6.16 2.45 


2.14 




2.30 




2307 6.48 


7.75 


7.80 6.38 


5.29 


7.51 


6.22 2.31 


2.15 




2.31 




2311 6.65 


7.89 


7.85 6.61 


5.44 


7.56 


6.33 2.73 


2.37 




2.47 




3027 6.46 


7.75 


7.78 6.43 


5.34 


7.53 


6.21 2.64 


2.13 




2.23 




3029 6.44 


7.69 


7.70 6.33 


5.35 


7.49 


6.18 2.54 


2.14 




2.38 




3709 6.44 


7.61 


7.66 6.32 


5.35 


7.51 


6.15 2.57 


2.15 




2.30 














TABLE 5 














Abundance dependencies on model atmospheres (Kurucz - MARCS) 






Star 


<5[Na/H] i5[Mg/H] 


5[Si/H] 


(5[Ca/H] <5[Mn/H] <5[Fe/H] 


<5[Ni/H] 


<5[Zr/Hl 


(5[Ba/H] 


2285 (Te// = 


4600K) 


-0.01 


0.00 


0.01 


-0.01 


- 0.01 0.01 


0.00 


- 0.02 


0.03 


2288 (Te// = 


4400K) 


0.04 


0.01 


- 0.07 


0.05 


0.00 - 0.03 


- 0.11 


0.00 


- 0.06 


3709 (Te// = 


3950K) 


0.15 


0.01 


0.02 


0.17 


0.05 0.01 


0.02 


0.35 


0.06 












TABLE 6 










Abundance dependencies on model atmospheres (Kurucz - 


MARCS) WITH ADJUSTED MICROTURBULENCE 


Star 


5[Na/H] (5[Mg/H] 


<5[Si/H] 


(5[Ca/H] <5[Mn/H] 5[Fe/H] 


(5[Ni/H] 


5[Zr/H] 


<5[Ba/H] 


2285 (Te// = 


4600K) 


0.01 


0.00 


- 0.01 


0.01 


0.02 - 0.02 


- 0.02 


- 0.02 


0.00 


2288 (Te// = 


4400K) 


0.04 


0.01 


- 0.04 


0.05 


0.00 - 0.03 


- 0.04 


0.00 


- 0.06 


3709 (Te// = 


3950K) 


0.03 


0.01 


0.02 


0.01 


0.00 0.01 


0.02 


0.07 


0.06 












TABLE 7 
















Abundance Sensitivities for star 2268 










(5[Fe/H] 


(5[Na/H] 


J[Mg/H 


<5[Si/H] 


<5[Ca/H] <5[Mn/H] <5[Ni/H] 


<5[Zr/H] 


5[Ba/H] 




A TetF = ±50 


±0.01 


±0.04 


±0.02 


TO.03 


±0.04 


±0.00 ±0.01 


±0.10 


0.00 




A log g = ±0.1 ±0.02 


q=0.02 


0.00 


±0.02 


to.oo 


TO.OI ±0.03 


±0.01 


±0.05 




A^ = ±0.2 


=F0.02 


=F0.04 


=F0.04 


TO.03 


TO. 05 


TO.02 =f0.04 


TO.04 


TO.05 




A EW 


±0.01 


±0.05 


±0.04 


±0.03 


±0.02 


±0.02 ±0.01 


±0.07 


±0.02 




Total 


±0.03 


±0.08 


±0.06 


±0.05 


±0.06 


±0.04 ±0.05 


±0.13 


±0.08 
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TABLE 8 
Radial Velocities 



Star ID 


this study 


Friel et al. 


2268 


-24.5 


-35 


2277 


-24.2 


-35 


2285 


-26.9 


-28 


2288 


-27.3 


-27 


2289 


-27.2 


-35 


2291 


-27.8 


-31 


2306 


-28.1 


-31 


2307 


-26.3 


-30 


2311 


-18.1 


-30 


3027 


-24.5 


-31 


3029 


-24.2 


-16 


3709 


-28.2 


-37 



20021 



TABLE 9 

Abundance scatter 



Element 


<^obs 


CTint (upper) 


Fe 


0.02 


0.02 


Na 


0.07 


0.04 


Mg 


0.05 


0.04 


Si 


0.06 


0.05 


Ca 


0.05 


0.04 


Mn 


0.03 


0.02 


Ni 


0.04 


0.03 


Zr 


0.12 


0.05 


Ba 


0.03 


0.02 



TABLE 10 

Cluster Abundance Summary 



Atomic No 


[X/H] 


Hyadcs* 


cr 


CoUinder 261 


cr 


HR 1614 


cr 


Adopted 


26 


Fe 


0.13 


0.05 


-0.01 


0.02 


0.24 


0.03 


7.52 


11 


Na 


0.01 


0.06 


0.12 


0.08 


0.20 


0.08 


6.33 


12 


Mg 


-0.06 


0.04 


0.13 


0.07 


0.25 


0.06 


7.58 


14 


Si 


0.05 


0.04 


0.18 


0.05 


0.27 


0.05 


7.55 


20 


Ca 


0.07 


0.07 


0.00 


0.09 


0.24 


0.05 


6.36 


25 


Mn 






-0.04 


0.03 


0.36 


0.03 


5.39 


28 


Ni 






-0.04 


0.05 


0.34 


0.05 


6.25 


40 


Zr 


0.07 


0.06 


-0.04 


0.10 


0.16 


0.07 


2.60 


56 


Ba 


0.50 


0.05 


0.01 


0.03 


0.43 


0.05 


2.13 


58 


Ce 


0.17 


0.03 






0.13 


0.03 


1.58 


60 


Nd 


0.01 


0.03 






0.11 


0.02 


1.45 


63 


Eu 










0.21 


0.03 


0.52 



Note the Hvades a element abundances were adopted from iPaulson et al.l ()2003f ). 



